The fluid-shale interaction during carbon dioxide (CO 2 ) enhanced shale gas recovery processes may have significant influences on the mechanical behaviour of shale, and it is also of great importance for the longterm safety of CO 2 geological sequestration in shale formations. In this work, shale samples from the Longmaxi formation in the Sichuan basin were used to investigate the mechanical properties and the acoustic emission (AE) behaviour of shale upon saturation with different fluids (water, brine, and CO 2 -brine mixture with different CO 2 phase states) at 45 C. X-ray fluorescence (XRF) analysis results show that major element alterations occur after shale is treated with supercritical CO 2 -brine and subcritical CO 2 -brine, the element content of Ca, K and Al in supercritical CO 2 -brine saturated shale was decreased by 16.7%, 5.8%
Introduction
With the rising international concerns over the issue of global warming, carbon dioxide emission (as a major contributing factor to global warming) reduction has become a major environmental challenge. 1, 2 In order to control the atmospheric concentration of carbon dioxide, many studies have been conducted to seek appropriate methods to decrease CO 2 emissions, including the use of less carbon-intensive fuels, developing new energy sources, implementing carbon storage into the subsurface and increasing conservation of forests.
1
Geological sequestration of CO 2 in depleted oil and gas reservoirs, deep unminable coal seams, shale gas reservoirs, and saline aquifers is the most valid and economic choice for reducing CO 2 emission into the atmosphere, which can mitigate global warming by storing billions of tons of CO 2 emitted from stationary industrial sources. [3] [4] [5] [6] [7] [8] [9] Moreover, shale gas reservoirs, due to their ultra-low permeability and high storage potential, have received more attention for CO 2 storage recently.
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Shale formations play important roles in large scale CO 2 sequestration. In addition, shale gas, as an unconventional natural gas, is an alternative energy source and has become an increasingly important source of gas all over the world. The recoverable global shale gas resources are estimated to be approximately 2.07 Â 10 14 m 3 , accounting for 32% of the total natural gas resources of the world. 14 Injecting CO 2 into organicrich gas shale not only allows the possibility of storing CO 2 in shale formation but also enhances the gas recovery. The injected CO 2 trapped in the subsurface through a number of mechanisms including solubility, residual trapping, mobility trapping and mineral trapping, while solubility trapping is the main trapping mechanism for rock mineral alteration. 15 The CO 2 storage capacity of the shale reservoirs are linked to the combination of aqueous solubility, chemical reaction, and physical sorption of CO 2 in the shale. 16, 17 Injecting CO 2 into shale formations would induce the swelling of shale matrix due to CO 2 adsorption, which in turn weaken the mechanical properties of the shale by generating micro fracture. 10 Furthermore, the mechanical properties of shale are related to the shale gas reservoir conditions. Shale contains clay minerals is characterized as ne-grained, highly compacted and anisotropy sedimentary rock. The mineralogical and microstructural changes occur in reservoirs aer CO 2 injection may have a strong inuence on the formation's integrity. CO 2 is also an acidic and corrosive gas, and CO 2 will most likely be at either a liquid or gaseous phase state aer injected into shale gas reservoir. Although wells have been mostly dewatered or pumped off, there is still residual water in the reservoir, therefore, water and brine in the reservoir should be considered in the process of CO 2 geological sequestration. Aer CO 2 is injected into shale formation, it is expected that CO 2 will be dissolved into water or brines in the target reservoirs and form carbonic acid, which changes the acid-base equilibrium and will react with the solid matrix. As the depth increases, CO 2 exists in its supercritical state because temperature and pressure surpass the critical value (critical temperature: 31.04 C, critical pressure:
7.38 MPa). At this state, compared to subcritical CO 2 , supercritical CO 2 exhibits unique characteristics such as low viscosity, high diffusivity, high density and solubility. 19 It can easily penetrate into the matrix of the shale to dissolve the nonpolar and weakly polar material in shale. 19 The specic properties of CO 2 add to the complexity of the assessment of leakage scenarios. Hence, in order to evaluate the long-term safety of CO 2 sequestration in shale gas reservoirs, it is necessary to conduct research on CO 2 -induced mechanical behaviour changes in shale.
In recent years, many researchers 12, [20] [21] [22] [23] [24] have investigated the inuence of CO 2 on rock mass chemical and physical structures. Busch et al. 25 invested the interaction between CO 2 and different clays in caprock, and its inuence on the seal integrity of caprock. Farquhar et al. 26 reported the mineral and porosity variations of sandstones and siltstones aer reacting with supercritical CO 2 in low-salinity water at in situ reservoir conditions for 16 days. The results showed that there is a decrease in calcite content of 2 vol% and an increase in porosity of 1.1 vol% aer reaction. CO 2 -water-rock interactions also causes cap rock deformation, which results in the change of effective stress and stress-induced permeability. Ranathunga et al. 20 studied chemical and physical structural alteration in coal associated with CO 2 adsorption and its effects on the mechanical properties of coal. The results indicated that CO 2 adsorption causes the modication of mechanical properties, and strength reduction in low rank coal. Lamy-Chappuis 21 demonstrated that both seismic velocity and rock strength were signicantly reduced due to minor calcite dissolution during uid substitution from brine to supercritical CO 2 . Wang et al. 27 revealed appreciable changes in mineralogical compositions of powdered rock sample interact with CO 2 and brine, and found that the contents of quartz, plagioclase, illite and chlorite increased signicantly, whereas the contents of illite/smectite, biotite and kaolinite in lithic sandstone decreased more or less aer reaction with CO 2 -brine. Qin et al. 19 observed the inuence of supercritical CO 2 on the water wettability of shale, and concluded that the ratio of C and Si in the shale increased while the ratio of O, Ca, Mg, and H decreased aer supercritical CO 2 treatment. However, most studies on the CO 2 -rock interaction were focused on the adsorption, 28 and microstructure characteristics of rock, 12, 29 and the object of most investigations are mainly focused on coal 30,31 and sandstone. 21 There are limited research efforts in regard to the CO 2 -induced mechanical behaviour of the shale saturated with water and brine.
Knowledge of CO 2 saturation effect on the mechanical properties of shale are of great importance for long-term safety prediction of CO 2 sequestration. The purpose of this study is to investigate the effects of the interaction of CO 2 -brine-rock and CO 2 -rock systems on the mechanical properties of shale under subcritical and supercritical phase states of CO 2 . In addition, an acoustic emission (AE) system was coupled to identify the stress threshold values of crack closure, crack initiation and crack damage for each testing condition during the uniaxial compressive strength experiment. Moreover, XRF and FESEM analyses were carried out to verify the results. The results of this research has signicant implication on the long-term safety evaluation of the CO 2 sequestration in shale formations and can provide guidance for CO 2 enhanced shale gas recovery.
Materials and methods

Sample description
The shale samples used in this study were collected from an outcrop of the lower Silurian Longmaxi formation located in the Changning region of the Sichuan Basin ( Fig. 1) , where is currently one of the promising shale gas producing areas in China. 32 The shale from the outcrop is distributed continuously and well stratied, with clear laminations. The thickness of the shale ranges from 100 m to 700 m and with an average of 500 m. The total organic carbon of the shale is 7.88% and the vitrinite reectance value is 2.85%. These values indicate that this shale is optimal for the occurrence of shale gas. 33 The X-ray diffraction (XRD) mineralogical composition of this shale sample is shown in Table 1 . The XRD measurement data were collected over a 2q range of 2-45 at a scan rate of 0.02 /2 s. According to Table 1 , the mineral composition selected shale is mainly composed of quartz, dolomite and calcite with the total content over than 70%. Mineral composition is a critical factor for the mechanical properties evaluation of rocks. Generally, rock brittleness index increases with the increase of brittle minerals content.
Sample preparation
Shale is characterized as a highly anisotropy rock since bedding structure is well developed in shale formations, and anisotropy has a signicant effect on mechanical properties of shale. To prepare samples for analysis, a chunk of shale in a horizontal plane was chosen due to the anisotropy of the shale and avoiding inconsistencies in results. Cylindrical cores were drilled perpendicular to the bedding planes, the cores were 100 mm in length with a length to diameter ratio of 2, and then grounded and polished to make smooth parallel surfaces for testing.
Methodology
The samples were tested for their mechanical strengths in terms of stress-strain behaviour, compressive strength, elastic modulus and acoustic emission patterns under different saturation conditions of the shale. Shale cores were considered with subcritical CO 2 (6 MPa) and with supercritical CO 2 (12 MPa) saturation, and both samples included dry and brine saturation (with NaCl concentrations of 10% by weight), the volume of water and brine are keeping the same and just swamp the shale sample. In addition, the dry, wet and brine saturated samples without CO 2 injecting were compared. Fourteen samples were prepared for testing and each two samples were set as a groups for comparisons. Shale specimens were saturated with uid by using a high pressure reactor, the actual laboratory setup used for saturation is shown in Fig. 2 . The setup is mainly consisted of ISCO pump, thermostatic water bath with a relative uncertainty of less than AE0.2 C and high pressure reactor with a maximum pressure of 50 MPa. Before saturation, the reactor was lled with brine or water for submerging the sample cores and CO 2 was nally injected into the reactor at 6 MPa or 12 MPa pressure, then the reactor was placed in the thermostatic water bath. In this work, the saturation temperature was constantly set to 45 C, the saturation time was set to one week. Although the saturation time is crucial for the test results, signicant differences were observed among samples aer treated one week. 12 The Table 2 shows the summary of saturation mediums, saturation conditions and number of samples used for repetition in the experiment.
Laboratory instruments
2.4.1. X-ray uorescence analysis. In order to analyse the variation of sample elements under different conditions, X-ray uorescence spectrometer analysis (XRF-1800 from Shimadzu Corporation, Kyoto, Japan) was performed. Samples used in XRF analysis were required to press into ake with a diameter of 32 mm, a thickness of 4 mm in a semi-automatic prototype.
2.4.2. Field-emission scanning electron microscopy (FESEM) analysis. The morphology and structure of the shale samples were characterized by using FESEM to identify possible interactions of the CO 2 -brine-shale and CO 2 -shale. FESEM analysis was performed using a TESCAN MIRA3 LMH instrument, the potential difference was set to 15 kV. During sample preparation, shale was crushed into particles and put together with the samples used for mechanical tests in the high pressure reactor under different conditions. Five types of samples under different conditions were used for FESEM analysis: brine saturation; 6 MPa CO 2 saturation; 12 MPa CO 2 saturation; 6 MPa CO 2 -brine saturation and 12 MPa CO 2 -brine saturation.
2.4.3. MTS experiment equipment. Uniaxial compression strength tests were carried out on the MTS815 Rock Mechanics Test System manufactured by American MTS Corporation. Shale specimens were tested under displacement control and the loading rate was set at 0.05 mm min À1 , an automatic data acquisition system was used to record the loads and the strains of the samples for all the tests. All the tests were performed at room temperature.
Acoustic emission analysis.
To identify the fracture propagation behaviour of samples saturated with different uids, during the uniaxial compression strength testing, AE signals were collected by DISP Acoustic Emission Workstation and NANO-30 Acoustic Emission Sensor (both from the Physical Acoustics Corporation, USA). This setup is fully computerized and digitalized with multiple channels, low noise, low Fig. 2 The actual laboratory setup used for saturation. threshold, extra-fast data processing speed, and high reliability. In the USC test, the AE detection threshold value was set at 40 dB, the frequency was set at 140 kHz, and the time parameters was set as: peak denition time ¼ 50 s, hit denition time ¼ 200 s, and hit lockout time ¼ 300 s. To ensure successful signals detections, two probes were installed in the lateral of the specimens at the same height were used simultaneously, and both had a layer of grease applied to the part that touched the specimens to ensure a satisfactory coupling effect. The probes were further secured by rubber bands to prevent them falling off. Aer the AE acquisition system was installed, the AE signals were collected as the sample was stressed. Table 3 shows the XRF test results of all the tested shale samples. The changes of elements content in shale are mainly depending on the reacting uids. Considerable mineralogical structural changes in the shale samples were observed in the CO 2 saturated samples and CO 2 -brine saturated samples, while there is no signicant alterations occur for water saturated samples. This indicates that some complex chemical reactions and ions exchanges exist between the uids and shale minerals.
Results
Minerals alterations of shale under different saturation conditions
The XRF results illustrate that Ca element content in the subcritical CO 2 saturated samples and the supercritical CO 2 saturated samples are around 12.95% and 11.56% respectively, and these values are slightly lower by 0.4% and 10.9% respectively than that of the dry sample. Similarly, the same tendency can be seen in the element like K, Fe, and Al. However, S, Na and P are almost remained unchanged. Compared to the elements of the dry sample, noticeable increase in Na concentration has been observed in the brine saturated samples with a percentage of 4.6%, which indicates Na has entered into the shale matrix or pore system by ion exchange. In contrast to the slight changes observed in Ca under dry circumstance, calcium concentrations are of 10.83% and 10.34% in the subcritical CO 2 -brine and supercritical CO 2 -brine saturated samples respectively, with the changes of 16.7% and 20% respectively. Those changes show a signicant reduction under the brine circumstance, and both of those changes in the subcritical CO 2 -brine and supercritical CO 2 -brine saturated samples are clearly larger than that of saturated with brine samples. Besides this, elemental concentration of Fe, K, Mg, Na and Al were decreased with varying degrees, and more elements are involved in reactions than other saturation scenarios, which indicate the complexity mechanism of action in the subcritical CO 2 -brine and supercritical CO 2 -brine saturated samples. However, the changes of elements between subcritical CO 2 and supercritical CO 2 saturated samples are not obvious under the brine circumstance. These results are in consistency with the results from Qin et al., 19 Wang et al. 27 and Lu et al. 34 However, the percentages of minerals alteration are not in the same, which may be related to the heterogeneous of the rock materials, such as different mineral compositions. In general, the intensity of the reaction between uids and rocks may be related to the internal and external factors such as types of samples, reaction temperature, carbon dioxide pressure and phase states etc.
Micro pore structure alternation under different saturation conditions
The effects of reaction between uids and shale samples can be conrmed by SEM analysis. The SEM results of the shale samples before and aer saturation are shown in Fig. 3 . We try to nd the same position marked in SEM images, according to Fig. 3 , signicant structure changes occur aer saturated with different uids. For example, aer 6 MPa CO 2 and 12 MPa CO 2 saturation, the surface of shale sample has become rougher due to the reaction and CO 2 adsorption induced swelling occurred in shale (Fig. 3a and b) . Aer saturated with brine, some pores are generated in shale, which indicates that ion exchanges may be happened. Moreover, signicant corrosion and dissolution are found in CO 2 -brine saturated shale samples (As shown in the Fig. 3d and e marked A and B) . Those micro structure alternation veries the occurrence of minerals changes and mechanical behaviour variations to some extent aer saturated with different uids.
Mechanical properties alterations of samples under different saturation conditions
This section discusses the variations of mechanical properties (UCS, elastic modules) in tested shale samples with different saturation uids. The inherent heterogeneity and anisotropy in shale specimens may lead to different strength characteristics, in order to avoid these effects on the mechanical tests, two shale samples at each condition are selected in this study for comparison. Table 4 shows mean values of the uniaxial compressive strength, elastic modulus obtained for all the tested samples and changes in these values relative to values obtained from dry sample without saturating uids. The differences in the obtained values for each group is very small, which indicate that the heterogeneous of the used samples is negligible. Then, the average value of each group is considered to represent the results of each test condition. The stress-strain curves obtained from those shale specimens saturated with different uids are shown in Fig. 4 . As seen from Fig. 4 Water interacts with the shale can affect the wellbore stability, shale caprock integrity and gas transport in shale.
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According to Table 4 , the average value of UCS in water saturated shale samples is 162.58 MPa, which indicates that there is a clear strength reduction up to 26.5% in the tested shale aer saturated with water. Interestingly, the strength reduction caused by water saturation is signicantly lower than the values reported in the literature, 36 this may be associated with the heterogeneous of mineral composition and physical structure of different shales. Moreover, current study shows that UCS of dried shale could be overestimated due to natural water exists in the shale. Similar to the strength results, there is also a reduction (16.2%) of elastic modulus in the water saturated shale. This indicates that large strain and brittleness decrease occurred in shale due to water saturation, which may inuence the stability of the borehole in shale gas reservoir.
The average UCS values of subcritical (6 MPa CO 2 ) and supercritical CO 2 (12 MPa CO 2 ) saturated shale specimens are 209.62 MPa and 199.90 MPa respectively. This corresponding to UCS reductions of 5.2% and 9.6% from dry samples respectively. Similarly, the elastic modulus reduced to 1.4% and 2.5% respectively for CO 2 saturated samples, this indicates the shale ductile properties slightly improved due to CO 2 adsorption. It is noted that supercritical CO 2 caused a greater reduction of strength and elastic modulus in shale compared to subcritical CO 2 . It can be concluded that the inuence of CO 2 saturation on mechanical behaviour of the shale is dependent on the phase state of CO 2 .
The average UCS values of the shale specimens treated with NaCl solution (10% by weight) is 168.68 MPa, which is higher than that of water saturated shale and CO 2 -brine saturated shale, but lower than that of dry samples and CO 2 saturated dry samples. Elastic modulus of brine saturated samples is higher than water saturated samples with a mild reduction of 4.8%. This implies that the presence of NaCl leads to a higher strength and a higher shale's brittleness, these results are consistent with Shukla et al.
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The shale experiences further strength reduction aer CO 2 -10% NaCl solution saturation. The average UCS values of the 6 MPa CO 2 -brine and 12 MPa CO 2 -brine saturated samples are 149.63 MPa and 152.33 MPa and respectively. This corresponding to UCS reduction of 32.3% and 31.1% for 6 MPa CO 2 -brine and 12 MPa CO 2 -brine saturated samples respectively. Similarly, average elastic modulus of the two groups are 15.56 GPa and 15.84 GPa respectively, showing a reduction of more than 17%. Interestingly, it can be seen that there are higher reductions of 6 MPa CO 2 -brine and 12 MPa CO 2 -brine saturated samples than that of brine saturated samples, which indicates that CO 2 plays an important role in mechanical behaviour changing under brine circumstances. It is should be noted that the shale strength reductions of 6 MPa CO 2 -brine and 12 MPa CO 2 -brine saturated samples are much higher than that of only 6 MPa CO 2 and 12 MPa CO 2 saturated dry samples, which demonstrates that the combination effects of brine and CO 2 have signicant inuence on the mechanical behaviours of shale. Furthermore, strength and elastic modulus values deviation observed in different CO 2 phase-brine saturated shale samples are not negligible, which indicates that the phase state of the CO 2 has signicant inuence on the mechanical behaviours of shale under the brine circumstance.
Fracture propagation patterns of shale samples under different saturation conditions
Acoustic and mechanical properties are sensitive to the evolution of microstructure and damage in rocks. 38 The failure of a rock is a process by which internal micro-cracks are initiated, expanded, and eventually developed into macro-cracks. The process is usually accompanied by the generation of acoustic emission. The phenomenon of AE, also called stress-wave emission, is the release of strain energy as elastic waves in the deformation process of a material or structure. Through analysing AE events, the stages of crack initiation, crack damage, and unstable crack propagation can be identied.
The crack closure stage is characterized by very little or no AE activities in the initial stages of the loading. With the increase of axial load, the elastic deformation takes place, stable crack propagation occurs and AE counts gradually increases in a linear manner, leading to the beginning of crack initiation. When tested specimens reach the crack damage point, AE counts increase drastically and unstable crack growth creates considerable damage and samples nally fail. In this study, the summation of AE counts versus axial loading stress for different uids saturation are shown in Fig. 5 . Stress thresholds of the shale under different saturation condition are listed in Table 5 .
AE analysis is performed to understand the internal shale matrix response to external loading and exhibited the initiation and propagation process of fractures in shale. According to Fig. 5 and Table 5 , water saturated sample shows crack initiation and crack damage stress at 66.44% and 92.06% of peak strength, compared to 68.33% and 93.69% for dry sample. While in case of brine saturated sample without CO 2 , crack initiation and crack damage stress are occurred at 60.10% and 88.61% of peak strength respectively. In addition, crack initiation is delayed as compared to crack damage due to the presence of CO 2 in dry condition. While a reverse tendency is observed under CO 2 -brine condition, crack initiation and crack damage stress of subcritical CO 2 -brine saturated samples are occurred at 34.67% and 60.72% of peak strength, for supercritical CO 2 -brine saturated samples, these two values are of 49.20% and 86.84% respectively. These results indicate that uids saturation plays an important role in acoustic emissions patterns and mechanical behaviours of shale samples. When it is used to identify the mechanical behaviour of shale during the processes of CO 2 geological sequestration, the uid saturation effects should be considered.
Discussions
Once CO 2 is injected into subsurface, it will interact with water phase and forms carbonic acid which releases active H + ions into system. 18 As a consequence, free H + ions may react with some minerals during saturation period, then the structure of shale may be changed, and subsequently strength of shale will In general, crystal water exists in shales and cannot be evaporated easily, these crystal water can combine with CO 2 and form an acidic environment, then leads to the dissolution of minerals, which resulting in reduction of elements in shale aer CO 2 saturation. Besides this, the difference in minerals reduction between subcritical CO 2 and supercritical CO 2 saturated samples is due to the unique extraction effect of supercritical CO 2 , which can extract organic matters in shale, then further causing elemental changes in shale.
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The interaction of CO 2 -brine uid with shale is very complicated, which involves in many types of minerals reactions. The XRF and FESEM results show that different uids alter the content of main elements and change the structure of the shale samples at varying degrees (Table 3 and Fig. 3 ). Minerals alterations in CO 2 -brine saturated shale samples indicate that CO 2 can be dissolved in water phase contained in brine and form weak acidity environments. Weak acid can dissolve the minerals in shale, such as K-feldspar and clay et al. Minerals dissolution might have signicant inuence on porosity, permeability, and diffusion properties by producing secondary cracks and pores in shale.
Fluids saturation will affect the microstructure and minerals compositions of shale, then leading to the strength and elastic modulus reduction in shale, and the reduction is greatly dependent on the type of saturation uids. Water can easily move into matrix of shale, water and ion can be adsorbed onto the electrically charged surfaces of clay, which leading to the swelling and expansion of clay in shale. 44 The adsorption of water causes the clay layers to separate, the shale skeletons and fabric alteration thus inducing internal expansive stresses.
45
The inuence mechanisms of water on the strength of shale include fracture surface energy reduction, capillary tension decrease, pore pressure increase, frictional reduction, and chemical deterioration. 46 These ve mechanisms could lead to weakening the mechanical properties and damaging the integrity of caprock during the CO 2 sequestration processes.
As stated by Gibbs, 47 CO 2 adsorption should theoretically reduce the surface energy of the rock mass. According to Lu et al.
10 CO 2 adsorption-induced swelling occurs in shale, and with increasing CO 2 pressure, the swelling of shale samples initially increases and then lessens. Besides, it is believed that supercritical CO 2 has a greater adsorptive capacity compared to subcritical CO 2 , and causes to a greater rock matrix swelling.
22
The swelling may change local stress regimes and cause the shale structure to be changed then reducing its overall strength. Moreover, it is difficult for CO 2 to form carbonic acid due to shortage of the water phase in dry shale samples, but supercritical CO 2 is capable of extracting organic matter in dry shale samples and dissolving the primary pores and fractures.
12
Hence, as the supercritical CO 2 has greater adsorptive potential, and stronger extracting and dissolving capacity, it causes a greater strength reduction in shale eventually.
Due to the presence of brine, the inuence mechanism of the uid on the mechanical behaviours of shale should be more complicated. The reduction of strength is due to the sensitivity or soening of the shale in the brine, 48 the strength of brine saturated shale specimens is higher than water saturated shale specimens may be related to crystallization effect of NaCl in pore structure, which caused by salt evaporation. 37 Besides, during the shale gas development, different chemicals have been added into drilling or fracturing uids to control shale swelling, and interactions between shale and uids vary with chemical compositions. Researchers have proved NaCl is an effective cationic inhibitors for clay swelling, 49 thus, the extent of swelling of brine saturated shale is smaller than water saturated shale, resulting less damages of shale structure.
When CO 2 is injected into brine, multiple phase uids make the system more complex. Due to multiple effects arises from water phase, carbonic acid and brine, signicant damages occur in the mechanical properties of the shale (Table 4) . It is clear that CO 2 solubility in brine is related to the gas pressure and the atmospheric temperature. 50 It is no doubt that the CO 2 solubility increases with gas pressure, and more minerals dissolution take place resulting more signicant decrease in strength and elastic modulus. But carbonic acid is belong to weak acid, and mutual conversion among H 2 CO 3 , HCO 3 À and CO 2 -H 2 O is reversible. 51 Moreover, the products by reactions with calcite, kaolinite, dolomite, and K-feldspar may buffer the hydronium content of the solution, 17 and aer the supercritical CO 2 + brine saturation, some minerals precipitation may be occurred and cement grain-to-grain contacts in the pore and matrix of the shale leading to enhance the mechanical properties of the shale. Thus, higher strength in the supercritical CO 2 -brine saturated samples occurs in test. From these observations, we can deduce that integrity of reservoir should be paid more attention when CO 2 are injected into shale gas reservoirs.
The correlation of AE events versus applied stress to loaded specimens of shale can predict the threshold stresses for crack initiation and damage caused by uniaxial compression stress.
52
Due to presence of uids, uids can diffuse through the rock matrix and generate chemical or physical adsorption with the rock matrix, leading to variation of the molecular structure including orientation of clay mineral, development and distribution of bonding structure, micro cracks and pore in the rock. 53 Those structures play a dominant role in fracture propagation patterns of shale under uniaxial compression strength test. The crack initiation is delayed and crack damage occurs earlier in CO 2 saturated samples, this phenomenon may be due to CO 2 adsorption induced swelling. 54 While the crack initiation and crack damage occur at lower percentage of peak strength in CO 2 -brine and brine saturated samples, this phenomenon can be explained by the view of mineral dissolution and water soening leading to damage of the shale.
Conclusions
Shale gas reservoirs are the ideal formation for CO 2 geological sequestration, using the uniaxial compression strength test and AE technique, the mechanical properties and fracture propagation patterns of the shale saturated with different uids were investigated. XRF and FESEM analysis were also performed to understand the effect of different uids on the changes observed in the test. Some major conclusions were drawn as follows:
Elemental Ca, K, Fe and Al in shale signicant decreased aer brine saturation and CO 2 -brine saturation, this variation may be related to the reaction among brine, CO 2 and minerals in shale.
Notable dissolution was observed in the CO 2 -brine and brine saturated samples from SEM images, while minor changes were found in other saturation condition. The water phase providing H + for forming carbonic acid is the main inuence factor for these dissolution. Fluids saturation can cause mechanical weakening of shale, and the reduction degree is greatly dependent on the type of the uids. Water saturation and brine saturation have a prominent inuence on the mechanical behaviour of shale. Supercritical CO 2 saturation causes a greater reduction of strength and elastic modulus in shale than subcritical CO 2 saturation due to its higher adsorption capacity and its own unique extraction ability. Maximum reduction in strength and elastic modulus of shale was observed in case of CO 2 + brine saturation condition, which showed that CO 2 dissolved in brine forming an acid, the dissolution effect of this acid leading to the further reduction of shale strength.
The crack initiation delayed and crack damage occurred earlier in CO 2 saturated dry samples is related to CO 2 adsorption induced swelling in shale. While the crack initiation and crack damage occurred at a lower percentage of peak strength during in CO 2 -brine and brine saturated samples may be due to mineral dissolution and water soening effects.
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